Abstract. Ca-looping is a potentially effective method for CO 2 capture from coal fired power plants. In this work, using a custom made tube furnace experimental system that can measure sample weight changes at constant temperatures, water vapor effect on calcination and carbonation of calcium based CO 2 sorbent are studied. The effects of steam present in calcination and carbonation process is determined. It is found that steam has a positive overall effect on CO 2 capture in the Ca-looping process. When present in both calcination and carbonation processes, steam can increase the decomposition rate of the CaCO 3 and enhance the subsequent carbonation conversion of the calcined CaO.
Introduction
Fossil fuel combustion systems, such as coal-fired power plant are one of the major stationary sources of CO 2 emissions 1, 2 and are under pressure to reduce their CO 2 emissions. Ca-looping is a relatively new technology being studied for CO 2 capture from fossil fuel combustion. Ca-looping is based on the reversible reaction described in Eq. (1) . It has emerged as a promising route to reduce the cost of CO 2 capture from flue gases of both new and existing fossil fuel fired power plants 3 . The forward reaction in Eq. (1) is known as carbonation; while the reverse is known as calcination. Calcination is an endothermic process which readily goes to completion under a wide range of conditions. carbonation 23 calcination
CaO CO CaCO
The Ca-looping concept can be realized using a dual fluidized bed system as Shimizu et al. proposed 4 , where solid sorbents are continuously cycled between the two reactors. There are now many publications in the literature that investigated different aspects of the calcium looping process 5~12 , including sorbent performance (decay in sorbent capacity with number of cycles, operation mapping at different temperatures and pressures, reactivity towards CO 2 , SO 2 , etc.), sorbent improvement methods, reactor and process modeling, energy integration schemes and techno-economic studies of the full system.
In practical combustion systems water vapor is always present in the flue gas (5~10%, maybe higher after the WFGD system). Water vapor is one of the factors that can affect Ca-looping process and its role needs to be further studied.
Wang et al 13 In this work variables affecting sorbent capacity were studied by an isothermal method. Results of this work will help to produce more effective design and control strategy of the Ca-looping process.
Test Facility and Procedure
One naturally occurring limestone was used in this work. The analysis of the limestones is given in Table 1 .
The limestone samples underwent calcination and carbonation in two separated tube furnaces while the sample weight was measured continuously by a weight monitor connected to a computer. The experimental setup is shown in Figure 1 . All experiments followed the same procedure. Both tube furnaces were first purged with pure N 2 at 1200 mL/min for 5 min and then the furnaces were heated to the test temperature under the desired gas atmosphere. The flow rate of the reaction gas mixture was the same as the purge gas at 1200 mL/min. A known amount of limestone sample (about 300 mg) was loaded into a quartz boat (110 mm long, 15 mm wide and 12 mm deep). The limestone sample was moved into the calcination furnace quickly once the test temperature was reached and stabilized. This procedure was continued for 8 complete calcination/carbonation cycles. The CO 2 uptake capacity of the samples is calculated from mass changes by Eq. (2). Figure 2 shows two typical carbonation conversion ratio vs. time curves for CaO derived from BD limestone calcined in 80% CO 2 with 0% or 20% steam atmosphere at 900°C with O 2 used as balance gas. In the carbonation period 15% CO 2 and 0% or 20% steam were used with N 2 as balance gas and temperature was at 650C. This condition is similar to the flue gases from a coal-fired boiler. As shown in Fig 2, for the carbonation of CaO the reaction has similar tendency for both with and without steam in the gas phase. Namely, at the initial stage the reaction is very fast and slows down quickly. The conversion ratio of CaO to CaCO 3 at the transition stage is often defined as the maximum carbonation conversion ratio or carrying capacity of the sorbent; after that further conversion becomes negligible. That is to say only the fast reaction stage is interesting from the practical point of view 24~26 . Also, with 20% steam in the gas phase during both calcination and carbonation, CaO shows faster reaction rate and higher conversion ratio than that without steam. Another characteristic shown in Fig 2 is that the effective carbonation time is about 4.5~5min. Therefore in the following multi-cyclic calcination/carbonation runs, this duration is adopted for all the carbonation cycles.
Results and discussion
A multi-cyclic test consisting of 8 cycles was performed using the BD limestone according to the procedure detailed in section 2. The results are shown in Figure 3 . The calcination and carbonation conditions are the same as those used in Fig. 2 . Figure 3 (a), all calcination and carbonation periods last 300s except the 1st calcination which is 360s to make sure that natural limestone is completely decomposed. As mentioned in the Introduction, with the number of cycle increase, the amount of newly formed CaCO 3 decreases and the time required for its decomposition decrease also. For example, as determined separately, the second calcination takes about 210s, and the 8th calcination cycle lasts only for 90s. The remaining 210s of the 300s calcination period can be called as over-calcination, or in fact sintering period. So, this testing method may not be very suitable. Results shown in Figure 3 (b) are obtained with the sample removed immediately from the calcination furnace when calcation is completed and send to the carbonation furnace for carbonation, and all the carbonation periods are for 300s. It should be noted that under the two different experimental methods, (a) and (b), the carbonation conversion ratios are different. Generally conversion ratios in (a) is slightly lower than in (b), this is obviously caused by the sintering because of the excessive calcination time. Many studies adopted testing similar to method (a). However, method (b) is considered more reasonable and is used in this study.
Several characteristics should be noted in Fig 3. First, steam has a positive effect on CO 2 capture in Ca-looping. Steam can increase the decomposition rate of CaCO 3 and enhance the subsequent carbonation conversion of the calcined CaO. With 20% steam, both reaction rate and calcium conversion ratio are improved during all the 8 carbonation cycles when compared with the results obtained without steam.
Three steam concentrations, 0%, 10% and 20% were used in the tests and the conversion ratio against cycle number is showed in Figure 4 . It can be seen clearly that steam has positive influence on carbonation and this effect is more pronounced as the steam concentration increases, especially at higher cycle numbers. It is usually believed that both CO 2 and steam will accelerate the sintering of the CaO during limestone calcination. This may lead to a worse pore structure, and this seems to have a negative effect on the following carbonation reaction. However, steam also has positive effect for CaO carbonation, although the reasons are not clearly understood. Based on the results shown in Fig 2-4 , it seems that the positive effect of steam dominants in a Ca-looping cycle.
Conclusions
When steam exists in both calcination and carbonation processes, it has an overall positive effect on CO 2 capture in Ca-looping. Steam can increase the calcination rate of CaCO 3 and enhance subsequent carbonation conversion of calcined CaO. It seems that the positive effect of steam dominants in a Ca-looping cycle.
